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Abstract Coronal mass ejections (CMEs) have a significant impact on space weather and
geomagnetic storms and so have been the subject of numerous studies. Most CME observa-
tions have been made while these events are near the Sun (e.g., SOHO/LASCO). Recent data
from the CoriolissSMEI and STEREO/SECCHI-HI instruments have imaged CMEs farther
into the heliosphere. Analyses of CME observations near the Sun measure the propertics of
these events by assuming that thc emission is in the plane of the sky and hence the speed
and mass are lower limits to the truc values. However, this assumption cannot be used to an-
alyze optical observations of CMEs far from the Sun, such as observations from SMEI and
SECCHI-HI, since the CME source is likely to be far from the limb. In this paper we con-
sider the geometry of observations made by LASCO, SMEI, and SECCHI. We also present
results that estimate both CME speed and trajectory by fitting the CME elongations observed
by these instruments. Using a constant CME speed does not generally produce profiles that
fit observations at both large and small elongation, simultaneously. We include the results of
a simple empirical model that alters the CME speed to an estimated value of the solar wind
speed to simulate the effect of drag on the propagating CME. This change tn speed improves
the fit between the model and observations over a broad range of elongations.
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1. Introduction

Imaging of coronal mass ejections (CMEs) during the past several decades has been largely
confined to events observed near the Sun. Such observations have been made by several
instruments including those on Skylab (McQueen, 1974), Solwind (Sheeley et al., 1980),
SMM (Hundhausen, Burkepile, and St. Cyr, 1994), and OSO-7 (Koomen et al., 1974) and
at Mauna Loa Solar Observatory (Fisher er al., 1981) with the largest number of space-
based observations being made by the LASCO coronagraphs on SOHO (Brueckner et al.,
1995). Starting in 2003, images of CMEs have been made farther from the Sun by SMEI
on the Coriolis spacecraft (Eyles et al., 2003; Jackson et al., 2004; Webb et al., 2006) and
since early 2007 by SECCHI on the pair of STEREO spacecraft (Howard et al., 2008).
These observations have led to measurements of CMEs at much greater angular distances
(elongations) from the Sun. This has required a reevaluation of the methods used to convert
angular measurements to distance from the Sun.

Although CMEs originate from most regions of the Sun, their visibility is affected by
where they occur on the disk (Webb and Howard, 1994). Regardless, measurements at small
elongations (e.g., SOHO/LASCO) usually are reported with the assumption that they are in
the plane of the sky at the limb. This assumption can lead to large underestimates of the true
height, speed, and mass, which, in turn, leads to incorrect analysis for observations at large
distances and elongations from the Sun. To properly track CMEs from the Sun into the inner
heliosphere, we must include a more detailed treatment of the geometry. In this paper we
discuss the impact of geometry on CME observations by LASCO, SMEI, and SECCHI and
how geometry affects measurements of CME brightness and speed.

Several studies have examined the SMEI and LASCO observations (Webb et al., 2009;
Howard ez al., 2007; Kahler and Webb, 2007; Howard and Simnett, 2008; Bisi ef al., 2008;
Howard and Tappin, 2008) and this continued analysis will provide an important source of
comparison for the analysis of events that presumably will be observed by SECCHI during
the upcoming solar maximum. The observations from the SECCHI instruments show CMEs
propagating continuously from the Sun to large heights, whereas the combined LASCO and
SMEI observations made prior to the launch of SECCHI have a significant gap between
8° and 20° from the Sun. To bridge this gap we are developing a method for determining
the speed and trajectory of CMEs observed by the LASCO and SMEI instruments. These
methods will also be applied to SECCHI observations.

Since the range of CME speeds near the Sun is much greater than the range of shock and
ICME speeds at 1 AU (Woo and Armstrong, 1985; Gopalswamy et al., 2001; Manoharan
et al., 2004), we consider two different cases, constant and time-varying CME speed. An
example of this range of speeds was also addressed by Manoharan (2006), who examined
speeds from LASCO and IPS data. For the time-varying case we use a simple model to
force CME speeds to an estimate of the solar wind speed to simulate the effect of coronal
drag. Although this time-varying model is extremely simplistic, this case yields a better
simultaneous fit to observations at both large and small elongation. The development and
application of a more physics-based model has been considered by other groups and we will
examine this issue in more detail in a future study.

Understanding the impact of geometry on CME observations has become more impor-
tant with the advent of recent heliospheric imagers, SMEI and SECCHI-HI. Although the
SMEI observations lack the resolution of the SECCHI-HI observations, SMEI can observe
at higher latitudes than SECCHI-HI and so the combined data set of LASCO and SMEI ob-
servations, made prior to the launch of STEREO, represent a unique data set from the most
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recent solar maximum. However, as can be seen with the SECCHI observations, the lack of
a data gap that exists with the LASCO — SMEI combined data set is extremely important and
simplifies the analysis of CME observations as they propagate to large distances from the
Sun. In this paper we examine the details of the geometry that affect CME observations and
apply the resulting methods to several observations made by LASCO, SMEI, and SECCHI.

2. The Geometry of CME Observations

The basic geometry of CME observations is shown in Figure 1. Here we assume that the
CME propagates radially along a given trajectory. The view in this figure is perpendicular
to the plane that contains the observer —Sun line and the trajectory of the propagating CME.
In our analysis, we refer to the angle between the plane of the sky at the limb and the CME
trajectory as the launch angle. CME speeds in the LASCO CME catalog are calculated
from elongation angles (the angular distance from the CME leading edge to Sun center)
converted to distances projected onto the plane of the sky at the limb. This results in speeds
that are lower limits of the true radial speeds. As a result, CMEs propagating along different
trajectories with the same time rate of change of elongation will have different radial speeds.
This will be true even with more accurate models of the large angular extent of CMEs than
shown in Figure | (e.g., an expanding flux rope). At larger elongations, as the launch angle
increases, the same projected speed implies an increase in the actual radial speed of the
CME and the projected speed is no longer a reasonable proxy for the radial CME speed.
The radial speed is necessary to compare observations at different elongations, so we must
account for the launch angle in these comparisons. Similar considerations will also impact
mass determinations from all these instruments.

Two other points should be noted from Figure 1. First, CMEs that propagate away from
the observer (backside events) will not be visible at large distances from the Sun primarily
because of their distance from the Thomson surface (Vourlidas and Howard, 2006). As a
result, backside events can be seen by LASCO and SECCHI coronagraphs at small elonga-
tion but they generally will not be visible to the SMEI and SECCHI heliospheric imagers
at large elongation. Second, as was already mentioned, a significant data gap exists for the
LASCO-SMEI combined data set in the 8° to 20° elongation range. From the LASCO and
SMEI observations discussed in the following, this is an important region where significant
changes in CME speed appear to occur.

Although the combined LASCO-SMEI data set contains a significant data gap, this
generally is not the case for the SECCHI observations. The four SECCHI imagers that view
the corona above the solar limb have continuous fields of view. These four instruments

Figure 1 The basic geometry of LASCO Outer FOV Limit  Data Gap  SMEi inner FOV Limit
LASCO and SMEI CME \ / SMEI Lines of Sight
observations. For the SECCHI LASCO Line of Sight \ ».
observations there is generally no B
data gap since the field-of-view Piane of the sy/ |

(FOV) timits of COR-1, COR-2, Atthe iimb
HI-i, and HI-2 successively

overlap to form a continuous

FOV out to ~90°.

Observer

Thomson Sphere
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are the two coronagraphs with concentric fields of view, COR-1 and COR-2, and the two
heliospheric imagers, HI-1 and HI-2. The nominal field-of-view limits are 0.4°—1.1° for
COR-1, 0.7° -4.7° for COR-2, 4° —=24° for HI-1, and 18° —88° for HI-2. These instruments
are discussed in detail by Howard er al. (2008). As a result of this overlap, there is generally
no data gap for the observations by these four instruments. In addition, UV disk observations
are available from the SECCHI-EUVI imagers, which enable a clear connection from 1 Rg,,
to ~1 AU. As a result, CMEs can be seen over a broad range of elongations and this tends
to simplify the analysis.

3. Brightness Variations of CMEs

Several factors govern the visibility of CMEs moving through the heliosphere, namely, their
launch angle, their size, and their proximity to the Thomson surface or Thomson sphere.
There are other issues such as how the CME is distorted as it propagates through the he-
liosphere but we do not address this here. The discussion that follows relies on the previ-
ous work on Thomson scattering by several authors (van de Hulst, 1950; Billings, 1966;
Hayes, Vourlidas, and Howard, 2001) who provide detailed theoretical treatments of this
process.

We begin by discussing the Thomson scattering efficiency of a single electron rather
than a distribution of electrons. The Thomson surface is the locus of points that form right
angles between lines from Sun center and the observer line of sight (Vourlidas and Howard,
2006). This surface is then where the Thomson scattering contribution is a maximum along
the observer’s line of sight. On either side of that point the scattering efficiency decreases
symmetrically along this line of sight (Michels et al., 1997). Since the Thomson surface
is a sphere, the launch angle should be interpreted as the angle from the plane of the sky
along any position angle, not just in the ecliptic plane. The position angle (PA) is measured
counterclockwise from solar north (LASCO) or ecliptic north (SMEI or SECCHI) to the
central axis of the propagating CME.

Brightness variations of CMEs have been discussed by Vourlidas and Howard (2006),
who examine brightness changes beginning near the Sun. We focus on the region of elon-
gation between 20° and 90°. Figure 2 gives the scattering intensity for a single electron as a
function of the line-of-sight elongation for various launch angles. These curves include the
effects of Thomson scattering, the distance from the Sun to the electron, and the scattering
angle between the Sun and the observer. These single-electron results are then scaled up to
the larger number of electrons in the CME.

The CME is an extended, diffuse object that presents an apparent surface brightness to
the observer. One consequence of this is that distance between the observer and observed
intensity from the CME cannot be determined. The intensity can change, however, with the
distance from the Sun, owing to illumination differences, or with changes in the relative
angles between the Sun, the CME, and the observer, all of which can impact the Thomson
scattering cocfficicnts.

Figure 2 shows that for large elongations, the intensity variation from events that origi-
nate on the backside of the Sun have a much steeper radial gradient, for all launch angles,
than is the case for frontside events. Consequently, backside events will tend to be difficult
to observe at large elongations. As noted by Vourlidas and Howard (2006), the ratio of the
frontside to backside intensity for halo events at large elongations can be more than 100.
Also, as shown in Figure 3, different parts of a backside CME may appear to be the leading
cdge because of enhancement along the line of sight. These issues may explain, in part, why
LASCO sees many more events than SMEI (Webb er al., 2006).
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Figure 2 Total brightness per
electron as a funetion of
clongation for a range of launch
angles for frontside cvents (top)
and backside events (bottom).
These figures show why most
backside events will have low
visibility at large distanees from
the Sun but frontside events will
be visible through mueh of the
inner heliosphere.

Figure 3 Geometric differenees
between frontside and backside
CME:s observed along the same
line of sight.
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For frontside events the situation is more complex and depends strongly on launch angle.
For example, events that originate at the limb (launch angle = 0°) quickly move off the
Thomson sphere and thus the CME leading edge will become dimmer at large elongations.
This issue was addressed elsewhere by using SMEI observations (see Figure 6 of Webb er
al., 2006). They indicate that limb CMEs appear at the inner edge of the SMEI field of view
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then fade rapidly as would be expected from Thomson scattering. Roughly half of the SMEI
events were reported to be in this category.

Frontsidc cvents that originate at launch angles farther from the limb will first start insidc
the Thomson sphere, cross it, and then propagate away from it. Unlike backside events, the
Thomson scattering gradient for frontside events is much lower (see Figure 2). For launch
angles >20°, the scattered intensity only decreases by about a factor of three for elongations
from 30° to 80°. It is plausible that events could be visible at the Sun, become dim, and then
brighten as they approach the Thomson sphere. This effect has been examined in 3D MHD
simulations of the 28 October 2003 CME (Manchester et al., 2008).

A real CME has an extended structure that affects observations in several ways. As it
moves away from the Sun different parts could be identified as the leading edge by the
observer. This effect can be seen in simulations and is discussed by Lugaz et al. (2009). From
our previous analysis, the portion of the CME that is closest to the Thomson sphere will tend
to be brightest. In addition, the parts of the CME that are tangent to the observer’s line of
sight will also tend to appear brighter because of the buildup of electrons along the line of
sight. Further, in the case where the CME can be described as an expanding flux rope, the
orientation of the flux rope can have a significant impact on the distribution of CME material
with respect to the Thomson sphere, which will, in turn, affect the obscrved intensity. All
these considerations, and others, complicate any interpretation of the propagation of CMEs.
However, in the following discussion we assume that, as thc CME propagates, the observed
intensity is associated with the leading edge of the CME front that is expanding radially
along the central axis.

4. CME Elongation versus Time

Observations of CMEs made by coronagraphs (e.g., LASCO-C2/C3 or SECCHI-COR1/2)
or heliospheric imagers (e.g., SMEI or SECCHI-HI) measure the elongation angle associ-
ated with a bright feature propagating through the field of view. Several fitting techniques
are used to convert from elongation to height above the solar surface, including the plane-
of-the-sky assumption (Vourlidas and Howard, 2006), the point-P approximation (Howard
et al., 2006, 2007), fitting the observations with simulated flux-rope structures (Themnisien,
Howard, and Vourlidas, 2006), the fixed-¢ method (Kahler and Webb, 2007), and the analy-
sis of Sheeley er al. (2008a, 2008b). The present method is the basis of our earlier analysis
(Morrill, Howard, and Webb, 2006; Morrill er al. 2007, Morrill, Kunkel, and Howard, 2007)
and follows the same assumptions as Kahler and Webb and Sheeley er al.

Here we present a technique to extract information about the launch angle and variable
CME spced by fitting thc CME clongations obscrved as a function of timc. The position of
a particle moving along a straight-line trajectory from the Sun (Figure 4) is described by the
following equations:

€ = sin"'[d sin(l)/r],
r=[R*+d*—2Rd cos(x)'/?],

where ¢ is the observed elongation, A = 90° — 6, where 4 is the launch angle, r is the ob-
server— CME distance, and R is the observer—Sun center distance. We discuss two cases of
CME speed: constant and time-varying. For constant speed, the Sun center - CME distance,
d,is

d = vt + Rsyn
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Figure 4 Parameters from the Plane of the Sky Observer Line of Sight
equalions in Section 4 for a at the limb
frontside CME. \

Thomson Sphere - Observer

and for the case of time-varying speed d is found from

t H
d = / v(t)dt + Rsyn ~ Z v(t)At + Rgyp.
0 0

Also, from the geometry of Figure 4 we get
d = Rsin(e)/ cos(e — ).

Here, t is the time from the surface and the various angles and variables are defined in
Figure 4. An important point to note here is that for points on the Thomson sphere, € = ¢,
so d = Rsin(e) (Kahler and Webb, 2007).

This method generally ignores CME initiation but, as shown in figures discussed in the
following, it fits LASCO and SECCHI-COR?2 observations at heights between 2 and 20 R,
using constant speeds, so effects from CME initiation should not impact CME propagation
at large elongations.

To better show the full range of observed elongation values at the same time, some of
the following plots show the log of the elongation versus time. Figure 5 shows the pre-
dicted elongation of a CME leading edge propagating along several trajectories at 300 and
600 kms~'. The various curves are for launch angle values between 0° and 75° from the
limb (see caption). Events nearer the plane of the sky (0° —30°) follow similar curves out to
large elongations. Events originating nearer disk center (larger launch angle) follow curves
that deviate significantly from the small launch angle curves.

5. Selecting Angles and Speeds

Because of the data gap between the two instruments, LASCO and SMEI observations are
treated somewhat differently than the SECCHI observations. For the LASCO and SMEI
observations we use an analysis procedure that initially treats observations from both instru-
ments separately as follows. Using families of curves like those in Figure 5, the best fit to
the observed elongations of a CME is determined from the best fit at constant speed for a
set of launch angles (Af) = 5°). The best fit is found by minimizing the difference between
predicted and observed elongations. Best fits for a set of LASCO and SMEI observations
are shown in Figures 6(a) and (b), respectively. Here, various launch angle - speed combi-
nations fit each data set within its range of elongations. Next, we select which angle —speed

@ Springer




186 J.S. Morrill et al.

Figures Thelogoflhe 2.5 -1 AR el LA A ALE AL RAAREAEESY RASEARARES RALEIARSS RS
elongation versus time for a C
CME propagating at various
launch angles from the plane of
the sky. At time cqual to 1 day,
starting with the lowest curve and
moving up, the associated launch
angles are 75°, 60°, 45°, 30°,
15°, and 0° at 300 kms~! (10p)
and 600 kms™! (bottom).

Logw (Elongation Angle [deg])

Log. (Elongation Angle [deg])

Time [Days]

combination is the best choice for the specific data set. This is done by examining either the
CME speed projected on the plane of the sky (LASCO) or the range of observed elongations
(SMEI). Ultimately, information from disk observations will be included in our analysis but
we begin by first trying to extract this information from the CME observations directly.

For the LASCO data, the optimum launch angle — speed combination is determined by the
best fits to the plane-of-the-sky CME speed. Here the predicted speed at each launch angle
is scaled by the cosine of this angle and compared to the reported CME speed. For the SMEI
data, the optimum launch angle — speed combination is taken as the one with the launch angle
closest to the midpoint of the observed elongation values. This approximation is based on
the aforementioned visibility arguments and assumes that the CME is best observed when
in the region of the Thomson sphere where € = 6. This is similar to the basic assumption
of the point-P approximation. Since SMEI observations begin near 20° elongation and we
do not account for the extended size of CMEs, this method can overestimate the optimum
launch angle of the SMEI observations.
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Figure 6 Fits of elongation to
observations by LASCO (top)
and SMEI (bottom) (see text for
details).
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Although this method can yield good fits to either the LASCO or SMEI observations
(see Figure 6), the constant speed estimates generally do not yield fits to both data sets at the
same time. To model the effect of time-varying CME speed we introduce a term that changes
the CME speed as it propagates beyond 20Rs,,. The following results are from analysis for
both constant and time-varying speed.

For the SECCHI observations the method is much simpler if we examine an event where
there is no data gap and the observations cover a range of elongations beyond 30°. Here
we assign a launch angle from SECCHI-EUVI disk images and fit the CME observations
between 10 and 20Rs,, to a constant speed. In the SECCHI example presented in the follow-
ing, two speeds were used to fit the observations below 20Rg,,,. Above 20Rg,, we compare
the constant and variable speed profiles to the observations and select the speeds that result
in the best overall fit. For the variable speed profiles we use the same simple model (see next
section) to alter the CME speed to simulate the effect of drag.

6. Results and Discussion
6.1. LASCO and SMEI Observations

Using these methods we have fit several CMEs with constant speed profiles observed in
the northwest quadrant during the period 15 —24 February 2003. Images of one of the three
main events that occurred during this time period are shown in Figure 7, which shows images
from EIT, LASCO-C3, and SMEI. These fits appear in Figure 8. Fits to LASCO data with
solid lines are out of the plane of the sky (launch angle >15°) whereas dotted lines are near
the plane of the sky (launch angle <15°). Fits to SMEI data are the dashed lines. The lack
of a clear connection between SMEI and LASCO fits implies changes in the CME speed
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188 J.S. Morrill et al.

EIT 195 image from SOHO C3 image from SOHO SMEI image from Coriolls
02-18-03 02:00 UT 02-18-03 05:54 UT 02-19-03 05:12 UT

Figure 7 Images of one of the three main events that occurs during this time period. From left to right
these are images from EIT (195 A), LASCO C3, and SMEL The EIT image shows the orientation of 1he large
prominence associated wilh 1his event. The 1hree arrows poinling upward 1o the right indicate 1he approximate
direction of propagation of this evenl. The sccond arrow in the SMEI image points to the leading edge of 1he
observed CME (Howard et al., 2007).

as it propagates into the heliosphere. These plots show the difficulty of associating CMEs
observed in LASCO with ones observed in SMEI and how sensitive this association is to
the CME speed profile. This result, in addition to the CME speed differences at the Sun
and at Earth, demonstrates that simple associations based on the assumption of constant
speed overly simplify the problem of determining the speed and trajectory of CMEs as they
propagate into the heliosphere.

Numerous authors have included a drag force when modeling CME propagation (Chen,
1996; Cargill, 2004; Tappin, 2006; Howard et al., 2007). In the present analysis we use a
simple model to simulate the effect of coronal drag and to change the CME speed as it moves
through the heliosphere. By fitting these events we derive an estimate of the CME speed as
a function of height. We apply this term to the constant CME speed profile estimated from
the LASCO observations and this yields a better fit to the SMEI observations. The speed is
changed by a term with the functional form [£0.5(d/2)** AV ?], where AV is the difference
between the CME and solar wind speeds and d is the Sun center —CME distance in AU. This
is a completely empirical rather than a physical model and was used because it improved
the connection between LASCO and SMEI observations.

In this fitting process, this term is included at heights >20Rs,,. This height was chosen
because of the relatively constant speeds observed throughout the LASCO C3 field of view.
The terminal (solar wind) speed is set to 400 kms ™' for the first six events and to 470 km s~
for the last two events. These terminal speeds were chosen based on the difference in latitude
of these events, how well the selected speed improved the fit, and rough estimates of the solar
wind speeds indicated by results of the Wang —Sheeley model (Wang and Sheeley, 1994).
The sign of this term depends on whether the initial CME speed is greater or less than the
terminal (solar wind) speed. As expected, the CME speed is driven toward the solar wind
spced. When these time-varying speeds arc included in the fit shown in Figurc 8 (bottom),
the connection between the LASCO and SMEI events is significantly improved.

To further show the relation between the LASCO and SMEI events and the cffect of
varying the CME speed, these results and observations are plotted on a linear scale in Fig-
ure 9. This figure shows the measured elongation (a, b) and calculated heights (c, d) from
both LASCO and SMEI (data points) and the fits to the LASCO observations. These fits
are extended to large elongations and higher heights as solid and dashed lines, where the
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Figure 8 (Top) Fits to LASCO 20(
and SMEI CME observations at H
constant speed. The fits to
LASCO data are the solid lines
(launch angle >15°) and dotted
lines (launch angle <15°). The
fits to the SMEI data are the
dashed lines (17 February,

PA = 280°, launch angle = 30°,
V=400kms~!; 19 February,
PA = 330°, launch angle = 35°,
V =640 kms~! ). (Bottom) The
same as the top figure except
time-varying-speeds were used to
fit the LASCO data and the fits to
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meaning of the solid and dashed lines is the same as in Figure 8. The three main (brightest)
CME:s arc indicated by larger symbols and thicker lines. These are the first, sixth, and cighth
events. (Note that events 3 and 4 overlap each other.) Figures 9(a) and (c) show fits with
constant speed derived from the LASCO observations. The fits in these two figures show no
clear connection betwecn the LASCO and SMEI observations as shown in Figure 8 (top).
However, Figures 9(b) and (d) show that, by allowing the CME speed to vary, the fit for both
elongation and height is improved and shows a much clearer connection between LASCO
and SMEI observations. The lack of a SMEI event on 18 February (Figures 8 and 9) was
probably due to a degradation in SMEI data during that time period because of the space-
craft’s passage through a region of enhanced particles.

The CME speed profiles used in Figures 9(b) and (d) are shown in Figure 10 and indicate
a rapid change in the CME speed between 20 and 60Rs,, for the elongation and height
profiles to match both LASCO and SMEI observations.

6.2. SECCHI Observations
For the case of a CME observed by SECCHI we have examined an event that occurred on

15 May 2007. Figure 11 shows several images of this event from the STEREO-A SECCHI
imagers, EUVI, COR-2, and HI-1. This CME was observed in all five SECCHI-A imagers.
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Figure 9 Elongation —time

(a and b) and ecaleulated

height —time (e and d) plots on a —
linear scale for the cight events
shown in Figure 8 overplotted o
with the SMEI observations. In
all four ligures the three main
events are indicated by the larger
symbol size and thicker lines. As %
with Figure 8, the dashed lines
are best fit with launch angles
less than 15° and the solid lines
are for 15° or greater. Constant L
CME speed was used in

Figures 9(a) and (e}, and variable
CME speed was used in

Figures 9(b) and (d). The

horizontal dotted line is the
approximate limit of the C3 field

of view.
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It was also observed by LASCO but we have included only the SECCHI observations in this
analysis. This event began about 18:00 UT and was observed until early on 18 May. In this
analysis we followed the observed leading edge along the PA shown in Figure 11. The angle
from the plane of the sky was estimated to be ~38° from an active region observed in EUVI
(see Figure 11). This is the launch angle we used in our fitting of these observations.

As with the LASCO-SMEI fits, Figure 12 compares the SECCHI observations to fits
with constant (Figure 12, top) or variable (Figure 12, bottom) CME speeds. Figure 12 (top)
shows fits with several constant speeds. Figure 12 (bottom) shows fits that start with these
same constant speeds but then the speed was altered to simulate the impact of drag using
the same functional form that was used in our LASCO —SMEI analysis. The initial constant
speeds used in these figures are 325, 435, 550, and 650 kms~'. The two lowest speeds, 325
and 435 kms~', were chosen because they fit COR-1 and COR-2 observations, respectively.
The larger speeds, 550 and 650 kms~'!, were chosen to show profiles produced by higher
speeds. The 435 kms~' curve fits the HI-1 observations fairly well but this curve rises above
the observations in the HI-2 field of view, indicating the need for a slight correction at large
elongation. The CME speed is altered by using the same term discussed earlier except the
terminal speed used here is 415 kms~! and was chosen since it produced the best fit to the
HI-2 observations.
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Figure 9 (Continued) = ]

1

1

1

]

1

1.

]

{

16—Feb 18-Feb 0-Feb 22-Fet
Start Time (15-Feb-03 0:00)

Fet
Figure 10 CME speed profiles 100¢ [— S T T B T B 3
modified by the drag term. The — N ME  PA pd LA ]
CME numbers are for LASCO 100 F §3 —_— 8 80 i
cvents in Figure 4 numbered left ¢ L % 5 54 ;2
to right. The units for the = 80 i g4 280 36 F ol
tabulated values arc [°] for ; % by 28 380
position angle (PA), [kms™ "] for a 700F N o= 6 280 62 =
speed (Spd), and [°] for launch v_:: - b= ) 3g 48 )
ungle (LA) (:;) 600 E =N \\ ] 7 2 3160 3 1

A
A

timated

=

In Figure 13 the results from Figure 12 are shown on a linear scale. Two different values
of maximum elongations were used for these figures to compare the fits to different sets
of observations at larger elongations. Figures 13(a) and (b) show the observations and fits
up to elongations of 12° and Figures 13(c) and (d) show these comparisons out to 40°. As
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Hl-1 image from SECCHI-A COR2 image from SECCHI-A EUVI Image from SECCHI-A

05-16-07 10:10 UT

05-15-07 22:22 UT

05-15-07 ~16:00 UT

Figure 11 Images showing the main cvent that occurs during this time period. From right to left these are
images from STEREO-A EUVI, STEREO-A COR2, and STEREO-A HI-1. The EUVI image shows the
location of the active region that produced this event. The threc arrows pointing upward to the left indicate

the approximate direction of propagation of this event.

Figure 12 Fits to STEREO
observations at constant speed
(top) and variable speed
(bottom). The four lines are
caleulated clongations at constant
initial speeds of 325 km s ! b=
(solid line), 435 kms™! (dotted

e [deg]]

line), 550 km s~! (dashed line), % 5
and 650 km s~ ! (dot-dash line). <] b7
The same function and C [ ;
cocfficient were used in the ‘ V.Or 4
bottom figure as were used in ' ;

Figures 8 and 9. The final speed o

used in this case was 415 kms—!.
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Figure 13 Elongation - time 12 S S Gt A e )
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Figure 13 (Continued)

Figure 14 CME speed profiles A O T I S R B e e i
modified by the same function as I

was used in the LASCO SMEI l

results. As before the speed is .
held constant until 20Rgy,,. The |
heavy solid line is an estimate of

the speed profile based on the fits
at the various elongations. The
terminal speed is 415 kms~!.
The line types correspond to the
curves in Figure 12(b) and = 40 _[
Figures 13(a) and (b).

0 0 40 &0 20 1¢(
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previously noted, the best fit to the HI-1 observations shown in Figures 13(a) and (b) is the
435 kms~' curve. Figure 13b also shows the effect of driving these profiles to a specific
terminal (solar wind) speed from several different initial speeds. In all cases the fitted CME
speed profiles reach the terminal speed relatively quickly but they are offset in time because
of their different initial speeds. Figures 13(c) and (d) show these curves in the region of
the HI-2 observations. The linear plot (Figure 13(c)) shows more clearly than the log plot
(Figure 12, top) that the constant speed profile that best fits the lower height observations
(435 km s 1) rises above the observation in the HI-2 field of view. Although the correction is
very slight in this case the improved fit (dotted curve) is shown in Figure 13(d). This figure
also shows the time offset of the other fits with different initial speeds.

The best-fit speed profile from the analysis of this event is shown in Figure 14 as the
heavy solid line. The other curves are the speed profiles used to calculate the elongation
curves in Figures 12 (bottom) and Figures 13(b) and (c), with the line type associated with
different speeds being the same in all three figures. The rate of transition between the 325
and 435 kms~' speeds is an estimate since a detailed analysis of these profiles was not
performed. It is clear that a significant transition to a stable speed was achieved below 20 Ry,
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in Figure 14. After this, the speed dropped to the terminal 415 kms~' speed that was derived
from the best fit at larger heights.

7. Conclusions

The present analysis shows that CME observations that cover a large range of elongations
(e.g., from LASCO to SMEI or from SECCHI-COR to SECCHI-HI) require a more detailed
treatment of the geometry of CME propagation than is the case for analysis of observa-
tions near the Sun (e.g., LASCO). At large clongations, gcometry significantly affccts the
determination of CME speed and trajectory. We examine the interaction of CME geometry
with the properties of Thomson scattering and how this interaction affects CME brightness.
Although not discussed here in detail, the impact on brightness will also affect CME mass
determination. Finally, we present a detailed dcrivation of a method that accounts for geom-
etry when deriving CME speed from elongation observations.

Fits of elongation versus time are compared to LASCO and SMEI observations as well
as rccent observations by SECCHI. Fits at constant speed provide good overlap with either
LASCO or SMEI observations but cannot explain both data sets simultaneously. For the
SECCHI example chosen, the constant speed fit is relatively good even in the HI-2 field of
view and only a slight correction is required. This is mostly due to the slow CME speed at
lower heights; a faster CME observed by SECCHI would provide a more robust test of these
techniques.

Earlier work predicts that coronal drag will change a CME’s speed as it moves through
the heliosphere. We have used an ad hoc model [£0.5(d/2)*/* AV?] to simulate the effect of
coronal drag to produce speed profiles that yield improved fits to the elongation versus time
profiles. Changes in CME speed may help explain the lack of a simple connection between
some LASCO and SMEI events. Our conttnued analysis efforts will include LASCO, SMEI,
and SECCHI observations at other time periods and the development of a more physically
motivated coronal drag model.
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